A 3,373-base-pair DNA segment from a clone fortuitously isolated from Saccharopolyspora erythraea by hybridization to an oligodeoxynucleotide probe was sequenced. Computer-assisted analysis of the nucleotide sequence reveals three closely linked Streptomyces open reading frames plus a fourth converging on the others.
Recent investigations of sulfate metabolism in Streptomyces species have indicated that, in this respect, this genus is more similar to other soil-growing organisms like Aspergillus nidulans than to other procaryotes (14, 18) . In fact, the discovery of cystathionine -y-lyase activity in Streptomyces lactamdurans (13) -which was later confirmed by the ability of cysteine auxotrophic mutants of other Streptomyces species to grow on methionine as the sole sulfur source (14, 18) as well as the indication that thiosulfate is a direct intermediate in sulfate reduction and cysteine formation in Streptomyces griseus subsp. cryophilus C-19393 (14) and Streptomyces coelicolor A3(2) (18)-have led to the proposal of a pathway for sulfate utilization in Streptomyces species (14, 18) that differs from the system used in enterobacteria (15) .
The sulfate utilization pathway in Escherichia coli and Salmonella typhimurium is well characterized at the genetic and biochemical levels (15) , whereas several of the genes involved in sulfate utilization have only recently been identified in Streptomyces coelicolor, Streptomyces cattleya, and Streptomyces clavuligerus (18) . With the exception of the cystathionine y-lyase mentioned above, no other information is available on enzymes involved in sulfur utilization in Streptomyces species. That little attention has been paid to this pathway and other aspects of primary metabolism in this genus reflects the predominant interest in studying properties associated with the production of the commercially important metabolites of Streptomyces species (10) . Nevertheless, the realization that the products of sulfur utilization are vital to the production of beta-lactam antibiotics by Streptomyces species (14) points to the need for detailed information about this process.
Here we report the cloning of the cysA gene, fortuitously isolated from Saccharopolyspora erythraea (formerly Streptomyces erythraeus) by hybridization to an oligodeoxynucleotide probe. The translated sequence of cysA shares considerable similarity with that of bovine rhodanese (27) (thiosulfate:cyanide sulfurtransferase, EC 2.8.1.1 [38] ). By disrupting this rhodaneselike gene and a closely linked open reading frame (ORF) by the insertion of an apramycin resistance gene, we show that the resulting S. erythraea mutant is a cysteine auxotroph and that the rhodaneselike gene is probably involved in the formation of thiosulfate. As far as we know, this is the first proof of an essential biological role for a rhodaneselike enzyme (4) .
MATERIALS AND METHODS
Bacterial strains and plasmids. Conditions for growth, transformation, transfection, and plasmid DNA isolation for E. coli were essentially as described by Maniatis et al. (19) . Total DNA from Streptomyces species was isolated by the method of Hopwood et al. (9) . The SGGP (39) and R2T (35) media for S. erythraea WHM22 were as previously described. For sulfate utilization tests, cells were plated on R2MM-S, which is the R2MM medium of Weber et al. (35) without K2SO4. Sulfur compounds were obtained fromCYSTEINE BIOSYNTHESIS GENE FROM S. ERYTHRAEA 351 Filters were washed three times in 2x NET-0.1% SDS for 15 min at room temperature, followed by a high stringency wash for 15 min at 650C (0.1x NET-0.1% SDS for 70% GC hybridizations and 0.5x NET-0.1% SDS for 50% GC hybridizations). Filters were reused after the probe was dissociated by treatment with 0.4 N NaOH (40 Hybridization with oligodeoxynucleotides. From the Nterminal amino acid sequence REEVLVSTDWAEQN, which presumably resulted from a minor protein contaminant in a sample of the P-450 hydroxylase from S. erythraea (28) , the unique, 42-mer best guess oligodeoxynucleotide CGIGAGGAGGTICTIGTITCIACIGACTGGGCIGAGCA GAAC (I is deoxyinosine) was synthesized according to the established Streptomyces codon usage pattern (3; M. J. Bibb, personal communication). In amino acids with four to six degenerate codons (R, V, L, S, T, and A), the thirdposition nucleotides were selectively substituted with deoxyinosine to lessen the effect of chance mismatch base pairing on DNA-DNA hybridizations (22) . For labeling, 10 to 20 pmol of oligodeoxynucleotide and 80 to 100 ,uCi of [-y-32P]ATP (3, 000 Ci/mmol; Amersham) were incubated with 5 to 10 U of T4 polynucleotide kinase (U.S. Biochemicals) in a 20-pul volume for 20 min at 37°C; another enzyme portion was then added, and incubation was extended for 20 min more. The labeled oligodeoxynucleotide was recovered from a DE52 cellulose (Whatman, Inc., Clifton, N.J.) column as described elsewhere (20) . DNA hybridizations with the labeled probe were performed in 6x NET-5x Denhardt solution-0.2 mg of denatured salmon sperm DNA (or type X-S tRNA; Sigma) per ml-0.1% SDS at 550C for 2 to 16 h. Filters were then washed three times in 6x NET-0.1% SDS for 15 min each at room temperature and once in 6x NET-0.1% SDS for 3 min at the hybridization temperature.
DNA sequencing and analysis. Nested deletions of suitable subclones in pGEM3Z (Promega Biotec, Madison, Wis.) were generated by treating double-digested plasmids sequentially with exonuclease III and S1 nucleases as described elsewhere (8) . DNA sequencing was performed on doublestranded templates by the dideoxy method, using [a-35S] dATP (1, 200 Ci/mmol; Amersham) according to the instructions of the manufacturer, initially using AMV reverse transcriptase (Promega) and subsequently using modified T7 DNA polymerase (Sequenase I; U.S. Biochemicals), with deoxyinosine to resolve compressions in the latter system. Ambiguous regions of DNA sequence were resolved by using single-stranded templates obtained by subcloning the desired fragments into M13mpl8 or -19 (21) . Occasionally, synthetic oligodeoxynucleotides (15 to 18 mers) derived from the generated DNA sequence were employed as sequencing primers. DNA and protein sequences were analyzed, using the University of Wisconsin Genetics Computer Group programs, version 5.3 (5) .
Construction of plasmids for or./ disruption (see Fig. 5 ). Plasmid pWHM47 was obtained by digesting pLXF1, a pGEM3Z clone carrying the PstI fragment (Fig. 1 , sites 3 to 9), with EagI-SphI, followed by religation after S1 treatment. pWHM48, a pUC19 subclone carrying the NruI-Kpnl fragment (Fig. 1, sites 5 to 19 ), was digested with HindIIIPstI, the larger fragment isolated from an agarose gel and ligated to the smaller gel-purified fragment resulting from digestion of pWHM47 with HindIII-PstI, to yield pWHM49. The aac3(IV) gene, as the EcoRI-PstI fragment isolated from pKC505 (26) , was blunt ended with S1 and ligated to the S1-treated PstI site of pWHM49 to generate pWHM51 and pWHM52. The inserts from these latter two plasmids were transferred as EcoRI-HindIII fragments into pWHM3 (31) to produce pWHM51.1 and pWHM52.1, respectively. The SmaI fragment from pWHM52 was used to replace the wild-type SmaI fragment (Fig. 1, sites 8 Streptomyces lividans (2) and could encode a cysteine-rich trisdecapeptide. The translational start site for this putative ORF is contained within the inverted repeat at nt 520 to 545, so that formation of a stable stem and loop structure in the RNA transcript could mask the translational start site at GTG-529. A new ORF (ORF1) can be detected starting around nt 700, but its beginning cannot be established exactly; of the possible start sites, ATG-688, GTG-745, GTG-784, ATG-814, and ATG-832, only ATG-688 and GTG-784 are preceded by a possible RBS. ORFi ends at TAA-1134. After a stretch of 31 nt, ORF2 starts at ATG-1167 and ends at TGA-2010. This ATG is preceded by a putative RBS and is followed by a DNA sequence potentially coding for the N-terminal amino acid sequence used to construct the oligodeoxynucleotide probe. The TGA of this ORF is immediately followed by the start site for ORF3, ATG-2015, which in turn is preceded by an RBS present within ORF2.
ORF3 ends at TGA-2318. ORF4 extends in the opposite direction from the other three and is believed to start at ATG-3238 (since this ATG is preceded by a potential RBS) and end at TGA-2482. The converging ORF3 and ORF4 are separated by a stretch of 164 nt of untranslated DNA containing an inverted repeat at sequence positions 2327 to 2369, causing strong compression on sequencing gels and probably acting as a transcription terminator. The calculated AG for the resulting stem and loop structure is -51.4 kcal/mol (1 cal = 4.184 J) (29) .
The proposed orf gene organization, with the possible terminator sequence, is schematized in Fig. 3 , along with the deduced molecular weight of the gene products. The overall codon usage of the four complete orfs (Fig. 1) shows the typical third position GC bias observed in GC-rich Streptomyces DNA (3) . ORF1 is assumed to start at its most 5' start site. The sequence data reported here have been submitted to GenBank and have been assigned accession number M29612. VOL. 172, 1990 CYSTEINE BIOSYNTHESIS GENE FROM S. ERYTHRAEA 353
CT T CTGCA6GCCCT6T66CG6GGC66CGCTGGC6TCCT66TC66CCCGC6AAGTCC6GC66AC66GT TCTGCCTCG6CC6GCCCT66A6ATC6CT6C66CCTCC66C6CCTC66CCGAAC 360 
GAGCTGAAGCAGGT CTACGGCGAGGCCGGGCTGGACACCGACAAGGACAC CAT CGCCT ACTGCCGGAT CGGGGAGCGC TCGT CGCACACCTGGT TCGTGCTCCGGGAAC TGCTCGGGCAC-1 920
GCCCGGGCT TCCACCCGGT GGACATCGCGGTGGCCTGACGGC TGAAGCAGGT CGAAGGGGCCGGTG6CGACC6IC6GCACCGGCCCC T TCTGCAT CTCGGAGC TTGCT T TCGGT CTCC6^AA 2 40 0 (5) . Only one significant alignment, with bovine liver rhodanese, was found (Fig. 4A) . The two protein sequences, when aligned by BESTFIT (5), share identical amino acids for 25% of their sequence. Accounting for conservative substitutions (7), the overall similarity rises to 50.7% (Fig. 4B) . Particularly remarkable are the observations that ORF2 and rhodanese are of similar size (281 and 293 amino acids, respectively) and that the active site Cys-247 of the latter (36) is conserved in similar surroundings in ORF2 (Fig. 4B) . One other residue believed to be involved in substrate binding in bovine rhodanese, Arg-186 (36), is conservatively substituted by Lys-172 in ORF2.
By using a similar searching approach, no significant similarities to ORF1, ORF3, and ORF4 could be detected in the data base. A search at the DNA sequence level, using the GenBank release 56, proved equally unsuccessful.
Disruption of orJ2. It has been shown that plasmid vectors that replicate poorly in S. erythraea, such as pIJ702 (11) or its E. coli-Streptomyces species shuttle vector derivative pWHM3 (31) , can produce stable transformants, provided that they carry a homologous insert (31, 33, 34) . The single, reciprocal recombination event is expected to lead to a mutant phenotype if the cloned fragment is fully internal to a transcriptional unit. This approach has been successfully employed in constructing mutants blocked in the erythromycin pathway in S. erythraea (6, 34) . We made use of a poorly replicating vector carrying in vitro-mutated copies of the homologous insert for gene disruption to permit positive selection of the desired recombinant.
The acc3(IV) gene derived from pKC505 (26) , conferring resistance to apramycin (Apmr) in E. coli and Streptomyces species, was inserted at the unique PstI site of orf2 (Fig. 1,   site 9 ), as outlined in Fig. 5 . Two plasmids, pWHM52.1 and pWHM51.1, which differ in the orientation of the aac3(IV) gene, were initially constructed in pWHM3 (31) . These plasmids, however, carry the marker gene asymmetrically inserted in the 2.0-kbp S. erythraea insert. Therefore, two additional constructs were made so as to have flanking sequences of approximately equal size on both sides of the acc3(IV) insertion point: pWHM54.1, containing the 3.4-kbp BamHI-SphI wild-type fragment, and pWHM53.1, in which the 1.0-kbp SmaI fragment (Fig. 1, sites 8 to 12 ) was inverted as a consequence of the cloning procedure (Fig. 5) . This 1.0-kbp fragment contains 90% of the 3' portion of orJ2 and 90% of the 5' portion of or13.
S. erythraea protoplasts were prepared and transformed as described previously (39) (Fig. 6A, lane f) , indicating that the loss of both resistance markers from strains 52TA and 53TA following a second crossover event precisely restored the wild-type profile. In the three 53RA strains (Fig. 6A , lanes h to j), the 1.35-kbp wild-type band (Fig. 6A, arrow) is missing, and a novel band at 2.8 kbp appears instead. The size of this novel band is consistent with it containing the 1.5-kbp Apmr insert. Additional hybridizations were then performed, using the aac3(IV) gene and pUC19 and pIJ702 as probes, as well as different digests of the total DNAs to the KpnI fragment. The results (not shown) confirmed the structures illustrated in Fig. 6A and B for strains 52TA, 53TA, and 53RA. Strain 52TA arose by the expected recombination between the longer homologous segment of the insert of plasmid pWHM52 and the host chromosome (Fig. 6B) . The second event of recombination should preferentially occur via the same fragment, regenerating the wild type. The lack of ThS Apmr revertants from strain 52TA can thus be easily explained by the asymmetrical extent of S. erythraea DNA flanking the aac3(IV) gene in pWHM52.1. Strain 53TA arose by recombination via the 1.1-kbp SmaI-SphI fragment of pWHM53.1 (Fig. 6C, fragment C) . A second crossover event in strain 53TA could occur via any of the three homologous segments A, B, and C (Fig. 6C) . Clearly, recombination via the same fragment C (Fig. 6C, path c) would regenerate the wild-type ThS Apms genotype (strain 53RS), whereas recombination via the similarly sized BamHI-SmaI fragment A (Fig. 6C, path a) 53RA. Recombination in strain 53TA may also, in principle, occur via fragment B. However, this event, if possible at all, would result only in inversion of the DNA segment between the two fragments B, yielding a strain phenotypically identical to 53TA with respect to the resistance markers.
The reason for the lack of revertants from strains 51TA and 54TA is not clear but could be tentatively attributed to the limited number of colonies screened (2 to 300 per strain). Therefore, their chromosomal structures were not interpreted.
It should be noted that the pWHM53.1 plasmid contained an inverted SmaI fragment (Fig. 5) . Therefore, by the second crossover event, a 1.0-kbp segment of antiparallel DNA is retained in strains 53RA. An examination of the structure proposed in Fig. 6C in comparison with the wild-type orf organization of Fig. 1 predicts that strains 53RA contain defective orf2 and orJ3. In fact, in these ThS Apmr colonies, orJ2 has been twice disrupted; by insertion of the aac3(IV) gene within the coding sequence and by inversion of the SmaI fragment (Fig. 1, sites 8 to 12 ). or13 has also been disrupted by the presence of the antiparallel DNA, since most of its coding sequence is within the inverted fragment.
Strain 53RA3 is a cysteine auxotroph. The construction of a strain which contained a disrupted copy of or12 prompted us to check strains WMH22 (wild type) and 53RA3 for rhodanese activity. However, when assayed by the fer- rothiocyanide formation method (38), both S. erythraea strains contained virtually equivalent levels of enzymic activity (1 or 2 U per mg of protein). The strong similarity observed between ORF2 and bovine liver rhodanese (27) , the only rhodanese enzyme whose primary structure has been determined to our knowledge, together with the presence of rhodanese activity in strain 53RA3, left two possibilities: either S. erythraea contains two rhodanese isozymes, with the contribution of ORF2 to the total enzymatic activity being marginal under the conditions tested, or orJ2 codes for a different enzyme, which is evolutionarily related to rhodanese and possibly has a similar function, i.e., sulfur transfer. The first hypothesis, although strengthened by the recent finding of two rhodanese forms in E. coli (1), required the two rhodanese genes to be quite dissimilar, since no additional bands were visible in genomic digests of S. erythraea when probed with DNA fragments containing most of orJ2 under moderately stringent conditions (final wash, 0.5x NET-0.1% SDS at 65°C; data not shown).
The second hypothesis prompted us to investigate the pathway for sulfate utilization. When plated on minimal medium, strain 53RA3 failed to grow. The two sulfurcontaining amino acids cysteine and methionine restored growth, indicating that a cys gene(s) had been disrupted in strain 53RA3. Supplementing the minimal medium with thiosulfate but not with sulfate or sulfite allowed strain 53RA3 to grow. No growth was obtained on cysteine-S-sulfinic acid, a probable intracellular source of sulfite (17) , or on metabisulfite, a more constant source of extracellular sulfite (24) . Very slow growth was achieved on a medium containing sulfide. In parallel experiments, the wild-type strain could grow on all added sulfur sources (Table 1) .
Strain 53RA3 is thus completely incapable of utilizing sulfate and extracellular and intracellular sulfite and can achieve only modest growth on sulfide. Of the inorganic sulfur sources tested, only thiosulfate supported normal growth.
DISCUSSION
The gene replacement approach we used presents some advantages over the bacteriophage-mediated (9) or plasmidmediated (33, 34) method for insertional inactivation. If the homologous fragment directing the first integration event is not internal to a transcriptional unit, then the desired mutant can be easily screened for by the loss of the plasmid resistance marker and retention of the gene-disrupting marker due to a second crossover event in the functionally wild-type strain isolated from the first recombinational event. While attempts at disrupting an essential gene are expected to be futile due to the lack of success in insertionally inactivating it directly, the two-step approach illustrated here allows one to distinguish between lack of integration and preferential retention of the wild-type gene as well as to nutritionally supplement the nonselective medium before screening for the mutant phenotype. Thus, by in vitro mutating orJ2 and orf3 by insertion of an apramycin resistance gene and then replacing them in the wild-type strain, we constructed strain 53RA3, which is deficient in sulfate J. BACTERIOL. utilization, indicating that or12 or or13 or possibly both are cys genes. It should be noted that the close linkage of or12 and or13 (only two nucleotides separate the end of the former from the beginning of the latter) suggests that the two genes belong to the same transcript and that they are therefore probably involved in the same metabolic pathway.
On the basis of the nutritional requirements of Streptomyces griseus subsp. cryophilus (14) and Streptomyces coelicolor (18) mutants deficient in sulfate uptake, a pathway for sulfate utilization in Streptomyces species (Fig. 7) that resembles the one used by the soil fungus A. nidulans more than the pathway in other procaryotes (15) has been proposed. According to this pathway, the conversion of sulfite to thiosulfate occurs via sulfide by the action of a sulfite reductase and a sulfide oxidase. The nutritional requirements of S. erythraea 53RA3 are probably better explained by a defect in the formation of thiosulfate rather than by a defect in sulfide formation. The slow growth on sulfide is probably not due to a leaky mutation, considering how ocr2 and orf3 were disrupted. In addition, the sulfite reductase from E. coli has been characterized (15) , and none of the properties of its constituent polypeptides suggests a similarity to ORF2 or ORF3. The slow growth on sulfide may be due to the action of an enzyme analogous to the Salmonella typhimurium cysM product, S-sulfocysteine synthase, which condenses O-acetylserine with thiosulfate but which can also use sulfide to a minor extent (15) . Possibly, the externally added sulfide, which presumably enters the cell by mere sulfate (extracell.) methionine I 1 (sulfotransferase) diffusion (15), can reach an intracellular concentration that is sufficient for the formation of some cysteine by the action of a cysM-like product. The strong similarity observed between ORF2 and rhodanese suggests that the two enzymes participate in a similar reaction. Rhodanese catalyzes the transfer of the sulfane atom of thiosulfate to a thiophilic acceptor, with release of sulfite (37) . Although rhodanese activity was discovered more than 50 years ago as a means for the detoxification of cyanide, the in vivo function of the enzyme is still debated, with current hypotheses suggesting a role in the formation of iron-sulfur clusters (4) . In in vitro systems, rhodanese can reversibly transfer the sulfane atom between sulfite and thiosulfate, depending on the thiophile used (37) . The presence of similar levels of rhodanese activity in the presence or absence of a functional or12 gene suggests that ORF2 is distinct from rhodanese and confirms the presence of rhodanese activity in actinomycetes (23) . This interpretation is strengthened by the recent isolation of a rhodanesedeficient mutant in E. coli that requires sulfite or thiosulfate but not methionine or cysteine for growth (A. Veazey and D. P. Clark, Abstr. Annu. Meet. Am. Soc. Microbiol. 1989, H-19, p. 172) and is thus phenotypically distinct from strain 53RA3. Whether one of the two rhodanese forms in E. coli recently described (1) is equivalent to ORF2 remains to be seen.
According to the proposed pathway for sulfate utilization in Streptomyces species (14, 18) , the formation of thiosulfate occurs by the addition of sulfite to an oxidation product of sulfide. Sulfide oxidases, described so far only in chemisynthetic bacteria, appear to produce mainly S (30) . Consequently, the formation of thiosulfate calls for the rhodaneselike reaction shown in Fig. 8 . We propose that this reaction is carried out by ORF2, the product of the cysA gene. Cys-233 of ORF2, which corresponds to the active site cysteine residue of rhodanese, would therefore be a likely candidate for sulfur activation. Although shown as reversible (Fig. 8) [S], Oxidation state of sulfur (presumably S°); carrier, a thiophilic donor (possibly a protein); Enz, ORF2 sulfotransferase. VOL. 172, 1990 CYSTEINE BIOSYNTHESIS GENE FROM S. ERYTHRAEA 359 produced by this reaction would be used for cysteine biosynthesis as postulated in Fig. 7 . On the basis of the genotype of the auxotrophic strain 53RA3, it is formally conceivable that the conversion of sulfide to thiosulfate is due to the action of ORF3. However, we favor the hypothesis that ORF2 is a sulfotransferase and suggest that ORF3 also participates in sulfur assimilation. The close linkage of orfl, orf2, and orf3 suggests that they occur within a single transcriptional unit. It is thus likely that orfl is a cys gene, too. In this respect, the rather abundant, nonrandom distribution of rare Streptomyces codons at the end of orfl and at the beginning of orJ2 (Fig. 1) suggests that their expression is coordinately modulated at the translational level, as proposed for expression of the hyg gene (40) . However, since a strain specifically disrupted in orfl has not been isolated and any obvious similarity between the amino acid sequence of ORF1 and known proteins has not been found, a putative role cannot yet be assigned to orfl.
The presence of the very short ORF upstream of orfi is intriguing. As no obvious promoterlike sequences could be detected upstream of orfl (using a list of the identified Streptomyces promoters compiled and kindly provided by Janet Westpheling), the 5' extension of its transcript remains to be determined. It is tempting to speculate that this short, cysteine-rich ORF, which precedes cys genes, is not casual and may either reflect the repression by cysteine of genes involved in the uptake and transformation of sulfate (15) or act as a low-molecular-weight protein carrier of inorganic sulfur compounds (30) .
